ABSTRACT 1 AMP phosphorylase (AMPpase), ribose-1,5-bisphosphate (R15P) isomerase, and type 2 III ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) have been proposed to 3 constitute a novel pathway involved in AMP metabolism in the Archaea. Here we performed 4 a biochemical examination of AMPpase and R15P isomerase from Thermococcus 5 kodakarensis. R15P isomerase was specific for the -anomer of R15P and did not recognize 6 other sugar compounds. We observed that activity was extremely low with the substrate R15P 7 alone, but is dramatically activated in the presence of AMP. Using AMP-activated R15P 8 isomerase, we re-evaluated the substrate specificity of AMPpase. AMPpase exhibited 9 phosphorylase activity toward CMP and UMP in addition to AMP. The [S]-v plot (plot of 10 velocity versus substrate) of the enzyme toward AMP was sigmoidal, with an increase in 11 activity observed at concentrations higher than approximately 3 mM. The behavior of the two 12 enzymes toward AMP indicates that the pathway is intrinsically designed to prevent excess 13 degradation of intracellular AMP. We further examined formation of 3-phosphoglycerate 14 from AMP, CMP, UMP in T. kodakarensis cell extracts. 3-Phosphoglycerate generation was 15 observed from AMP alone, and from CMP or UMP in the presence of dAMP, which also 16 activates R15P isomerase. 3-Phosphoglycerate was not formed when 2-carboxy-arabinitol 17
INTRODUCTION 1 because opening of the furanose ring cannot precede isomerization due to the phosphate 1 group on the C-1 carbon. The structure of R15P isomerase revealed that the enzyme 2 displayed a hexameric assembly (18). Crystal structures bound to substrate/product and 3 mutational studies indicated that Cys133 and Asp202 act as active site residues in the enzyme 4 and that the reaction proceeds via a cis-phosphoenolate intermediate. R15P isomerase is 5 structurally related to 5-methylthioribose-1-phosphate (MTR1P) isomerase. MTR1P 6 isomerase functions in the methionine salvage pathway and catalyzes a similar reaction, the 7 isomerization of MTR1P, an aldopentose with a phosphorylated 1-hydroxy group, to 5-8 methylthioribulose 1-phosphate (2, 26) . Enzymatic (22) and structural (5, 29) examinations 9 have been carried out on the enzymes from Bacillus subtilis and Saccharomyces cerevisiae. 10
One of the reaction mechanisms that have been proposed for this enzyme also proceeds via a 11
cis-phosphoenolate intermediate (29).
mixture. When C-R15P was used as the substrate, AMP was added to the reaction mixture in 23 order to activate the enzyme. After preincubation at 85˚C for 3 min, the reaction was initiated 24 by the addition of NaHCO 3 and R15P. The reaction was carried out for 5 min at 85˚C and wasterminated by rapid cooling on ice for 5 min, and the enzymes were removed with an AmiconWhen activity was measured with HPLC, the reaction mixture (100 l) was composed 1 of 140 nM of purified R15P isomerase, 3 mM AMP, and 5 mM C-R15P in 10 mM MgCl 2 and 2 100 mM Bicine-NaOH (pH 8.3). After pre-incubation at 85˚C for 3 min, the reaction was 3 initiated by the addition of C-R15P, followed by incubation for 3, 5, and 7 min, and was 4 terminated by rapid cooling on ice for 5 min. R15P isomerase was removed with an Amicon 5 Ultra centrifugal filter unit (MWCO 30,000). After the addition of an equal volume of 600 6 mM sodium phosphate (pH4.4) to the filtrate in order to adjust the phosphate concentration to 7 that of the HPLC mobile phase, the sample was analyzed on an amino column (Asahipak 8 NH2P-50 4E column; Shodex, Tokyo, Japan), with 300 mM sodium phosphate buffer (pH 4.4) 9 as the mobile phase. When the effects of ADP and 3-PGA on R15P isomerase activity were 10 investigated, activity was calculated by measuring the decrease of R15P levels. Isomerase 11 activity towards 40 mM PRPP, R5P, ribose, FBP, F6P, glucose 1,6-bisphosphate (G16P), 12 glucose 6-phosphate (G6P), or glucose 1-phosphate (G1P) was examined by monitoring 13 substrate consumption and/or product generation in the presence or absence of R15P 14 isomerase. When activity towards PRPP was examined, a C 18 column (COSMOSIL 5C 18 -15 PAQ; Nacalai Tesque) was utilized with 50 mM NaH 2 PO 4 (pH 4.3) as the mobile phase. 16
Column temperatures were set at 40˚C, and compounds were detected with a refractive index 17 detector in all cases. 18
19

Measurement of AMP phosphorylase activity 20
The phosphorylase reaction of nucleoside monophosphates (NMPs) was performed in 21 a mixture (100 l) containing 100 mM Tris-HCl (pH 7.5), 20 mM sodium phosphate (pH 7.5), 22 190 nM of purified AMPpase, and 20 mM NMP. After preincubation at 85˚C for 3 min, the 23 reaction was initiated by the addition of an NMP. The reaction was carried out at 85˚C for 5 24 min and was terminated by rapid cooling on ice for 5 min, and AMPpase was removed withand the carboxylase activity of Rubisco. The reaction mixture (100 l) was composed of 1.3 3 M of purified R15P isomerase, 1.0 M of purified Rubisco (90 mU), 10 mM AMP, 100 mM 4 NaHCO 3 , and 10 l of the AMPpase reaction mixture. After preincubation at 85˚C for 3 min, 5 the reaction was initiated by the addition of NaHCO 3 and the AMPpase reaction mixture. The 6 reaction was carried out for 10 min at 85˚C, terminated by rapid cooling on ice for 5 min, and 7 the enzymes were removed with an Amicon Ultra centrifugal filter unit (MWCO, 30,000). 8
The 3-PGA generated in this reaction was quantified by the second coupling reaction 9 described above. 10
In order to examine the substrate specificity of AMPpase, phosphorylase activity 11 min, 4˚C) and were lysed in 50 mM Tris-HCl (pH 7.5) containing 0.1% of Triton X-100 at a 21 volume of 1/500 of the culture. After mixing with a vortex for 30 min, the supernatant after 22 centrifugation (20,000 x g, 30 min, 4˚C) was used as CFE. Examination of 3-PGA synthesis 23 with the CFE was performed in a mixture (100 l) containing 100 mM Bicine-NaOH (pH 24 8.3), 10 mM MgCl 2 , the CFE (corresponding to 100 g protein), 20 mM sodium phosphate(pH 7.5), 100 mM NaHCO 3 , and 20 mM NMP. When necessary, 20 mM dAMP (to activate 1 R15P isomerase) and/or 20 mM 2-carboxyarabinitol 1,5-bisphosphate (CABP) (to inhibit 2 Rubisco) was also added to the reaction mixture. After preincubation at 85˚C for 3 min, the 3 reaction was initiated by the addition of NaHCO 3 and an NMP. The reaction was carried out 4 at 85˚C for 30 min, terminated by rapid cooling on ice for 5 min, and proteins were removed 5 with an Amicon Ultra centrifugal filter unit (MWCO, 3,000). The 3-PGA generated in this 6 reaction was quantified by a second coupling reaction, described above. 7 8 Western blot analysis. 9
Cell-free extracts from T. kodakarensis, grown in ASW-YT-Pyr or ASW-YT-Pyr-Nuc, 10 isomerase displayed a specific activity of about 35 mol minincrease in R15P isomerase activity in the presence of GMP. In order to compare the extents 1 of activation brought about by AMP and GMP, R15P isomerase activity was measured in the 2 presence of various concentrations of AMP or GMP. As shown in Fig. 1B , higher degrees of 3 activation were observed for AMP than for GMP at lower concentrations, suggesting that 4 AMP is the major activator of R15P isomerase in vivo. 5
We further explored the possibilities of other compounds acting as activators of R15P 6 isomerase. Various compounds were added at a concentration of 3 mM, and in order to 7 expand the range of compounds that we could examine, we also performed activity 8 measurements with HPLC when necessary. This allows us to analyze the effects of 9 compounds such as ADP and 3-PGA, which would be difficult with the enzyme coupling 10 assays. The enzyme coupling assay and the HPLC analysis revealed that the addition of 3 11 mM ADP resulted in increases in R15P isomerase activity that were comparable to those 12 observed with AMP. Other compounds with an adenosyl moiety also exhibited activating 13 effects, but at higher concentrations. On the other hand, R15P isomerase was not activated by 14 R5P, PRPP, FBP, F6P, glucose, pyruvate, or 3-PGA. These results suggested a tendency for 15 compounds with an adenosyl moiety to activate R15P isomerase. To compare the extent of 16 activation, R15P isomerase activity was measured in the presence of varying concentrationsM (K AMP ) and 667 M (K ADP ). The effects of other compounds at this concentration were 1 negligible. 2 3 Kinetic analysis and substrate specificity of ribose-1,5-bisphosphate isomerase 4
Kinetic analysis of R15P isomerase was carried out in the presence of 10 mM AMP by 5 using the enzyme coupling method (Fig. 2) . The isomerase reaction from R15P to RuBP 6 followed Michaelis-Menten kinetics with a K m of 0.6 ± 0.1 mM for R15P and a k cat of 29.2 ± 7 0.7 s -1 at 85˚C (Table 1) . 8
We next examined the substrate specificity of R15P isomerase. Among the two 9
anomers of R15P, we observed previously that the enzyme utilizes only the -anomer 10 compound (18). Here we investigated whether R15P isomerase can recognize other 11 phosphorylated sugars. Activities towards the following substrates were investigated by 12 HPLC: R5P, ribose, G16P, G6P, G1P, FBP, F6P, and PRPP. We did not observe any decrease 13 in the levels of substrates or synthesis of products dependent on R15P isomerase, with any of 14 the compounds except PRPP. Although a decrease in PRPP levels and an increase in RuBP 15 levels were observed, the decrease in PRPP levels was not dependent on the R15P isomerase 16 enzyme. We presume that PRPP displayed thermal degradation during the incubation at 85˚C, 17 resulting in the generation of R15P, the substrate of R15P isomerase. These results indicated 18 that among the compounds examined, R15P isomerase can utilize only -R15P, implying that 19 the substrate specificity of this enzyme is strict. 20
21
Substrate specificity of AMP phosphorylase 22
AMPpase was previously reported to catalyze an AMP-specific phosphorylase 23 reaction generating R15P and adenine. Relevant levels of phosphorylase activity could not be 24 observed with other nucleoside monophosphates, such as UMP, GMP, CMP, and TMP (25).
However, bacause the activity measurements were performed with coupling enzymes that 1 included R15P isomerase, we realized that phosphorylase activities toward nucleoside 2 monophosphates other than AMP might have been overlooked or underestimated due to the 3 low activity levels of R15P isomerase in the absence of AMP. Therefore, we re-evaluated the 4 substrate specificity of AMPpase by using the coupling enzymes, but under the condition that 5 R15P isomerase was activated with saturating concentrations of AMP. As a result, we found 6 that AMPpase exhibited phosphorylase activity not only toward AMP but also CMP and UMP, 7 while only low phosphorylase activity was observed with GMP and IMP ( Table 2) . 8
In order to investigate whether AMPpase could catalyze the phosphorolysis of other 9 compounds related to nucleotides/nucleosides, activity measurements with HPLC were 10 performed on the following compounds: dAMP, dCMP, dGMP, dUMP, TMP, adenosine, 11 cytidine, uridine, ADP, ATP, MTA, SAM, SAH, PRPP, and R5P. We observed significant (Table 3) . With the addition of dAMP, we detected significant levels of 3-PGA synthesis from 1 CMP and UMP. Since the amounts of 3-PGA generated with CMP and UMP were lower than 2 that observed for AMP, we investigated whether activation of R15P isomerase by dAMP was 3 not as effective as that by AMP. We added R15P directly to the CFE and measured 3-PGA 4 synthesis in the presence or absence of dAMP. The addition of dAMP led to a dramatic 5 increase in 3-PGA formation, from 12.1 to 202 M. The fact that the addition of dAMP 6 enhanced 3-PGA generation strongly suggests that the conversion of AMP, CMP and UMP to 7 3-PGA is brought about by the three enzymes AMPpase, R15P isomerase, and Rubisco. In 8 order to gain further support, CABP, an inhibitor of Rubisco, was added to the reaction 9 mixture. In the presence of CABP, the significant levels of 3-PGA observed from AMP, CMP, 10 and UMP in the experiments described above could not be detected (Table 3) , providing 11 further indications that AMP, CMP, and UMP are converted to 3-PGA via the archaeal AMP 12 metabolic pathway in T. kodakarensis. 13
14
Protein levels of AMPpase, R15P isomerase and Rubisco 15
To investigate whether the three enzymes AMPpase, R15P isomerase, and Rubisco are 16 subject to regulation at the transcriptional/translational level in addition to their responses to 17 AMP at the activity level, we raised polyclonal antibodies against each protein and performed 18
Western blot analyses. Since we had observed previously that nucleosides are assimilated 19 well in T. kodakarensis (19), we grew the cells in ASW-YT-Pyr medium with or without a 20 mixture of nucleosides (Fig. 4) . We observed increases in the protein levels of R15P 21 isomerase and Rubisco in the cells cultivated with nucleosides. In contrast, protein levels of 22
AMPpase were more or less equivalent in cells grown in the presence or absence of 23 nucleosides. The result suggests that the archaeal AMP metabolic pathway, in addition to itsresponse at the activity level to AMP, also responds to nucleosides or related metabolites at 1 the transcriptional and/or translational level. 
